INTRODUCTION
…..It is generally recognized that multiple fires in large scale forest fires and city fires may merge into a single much larger fire. However, the merged single fire is not simply the sum of original multiple fires, but the flame height of the merged fire extends much taller than the original free burning flame, and the thermal strength of the merged fire also increases several times. In particular, the 1923 Tokyo Earthquake Fires caused huge fire whirls and left many victims. Fire fighters, who know the seriousness of violent merging fires and fire whirls, often have questions as to where they may appear in cities or forests, under what conditions of weather and how to protect people and properties. Not only in the cities and forests, even huge oil storage tank yards have heavy risks in terms of merging fires. However, there have been no adequate answers to them, since the details of the physical characteristics of merging fires and resulting fire whirls are not known or even fully clarified as yet, despite the merging and the flame-height extension phenomena studied by Thomas et al. [1] and Baldwin [2] . Also Satoh et al. [3] have conducted real-scale fire spreading tests, using (3 x 3) arrayed wooden houses, but it was difficult to examine the fire merging phenomena systematically and the (3 x 3) array was too small compared with the real large city fires predicted to be caused by a big earthquake in the near future in Tokyo, Japan. Also, fire merging and fire whirls in real forests are produced in large areas up to hundreds m or several km wide.
Under such circumstances, we have carried out preliminary studies on fire merging, using reduced scale models. Liu et al. [4] and Satoh et al. [5, 6] have examined the merging phenomena in multiple flames, to analyze the burn-out time data to characterize the interactions in square array fires, which were quantitatively compared with the critical conditions for the merging. However, the previous studies mentioned above [1] [2] [3] [4] [5] [6] are limited up to (9 x 9) square array and thus, this study attempted to extend the fire area much larger. The goal of our study is to clarify the detailed process of merging phenomena causing fire whirls, but the objective of the current study specifically focused on the merging conditions of fires in square arrays, particularly in much larger arrays, such as (15 x 15) or (19 x 19) which correspond to some hundred meters, if a single element in an array is assumed to be roughly 10 m in size.
The experiments in this study were very simple and conducted using reduced-scale multiple flames in steel pans arrayed in a square shape, by simply identifying the 'merged' or 'unmerged' of square array as functions of array size and the relevant heat release rate at each fuel pan. It is also important to examine the radiation, the flame height and the temperature in the merging fires, but those are examined in the future study. This study is aiming to coordinate the experiments and CFD simulations, because the experiments carried out were limited. The CFD simulations have been made using the 3-D UNDSAFE fire code [7] , corresponding to the experimental conditions. About 40 cases of calculations were conducted to examine the critical merging conditions of the arrayed fires, including the cases corresponding to the experiments. Varying the array size, inter-fire distance and heat release rate, both 'unmerged' and 'merged' conditions in the fire array were examined. In this first simple numerical study, no radiation and no physical combustion models are included, and therefore the emphasis is placed on the primary effect of convective infiltration of air into the fire array, which leads to the merging fires. 
EXPERIMENTS
In this study, the fire tests corresponding to large area fires, but reduced scale models in roughly 1/100, were conducted to investigate the phenomena of fire merging. In the experiments, (15 x 15), (17 x 17) and (19 x 19) square arrays of fires were examined, which are estimated to be the dimensions of roughly several hundreds meters in real situations. The experiments were conducted in a high ceiling large laboratory in calm conditions (without blowing wind fan). Uniform size steel pans filled with equal amount of fuel were arrayed on the floor, separating at constant distance and the "merge" or "unmerge" conditions of the fires after ignition were measured. Table 1 represents the cases examined, where two different size circular steel pans were used, one is of 0.06 m in diameter with 0.02 m in depth for (15 x 15) array and another is of 0.075 m in diameter with 0.03 m in depth for (17 x 17) and (19 x 19) arrays. The fuel was n-heptane for all cases in the experiments, which produced less soot. The heat release rate of a fuel pan with 0.06 m diameter was estimated as 2 kW and 3.2 kW for the fuel pan with 0.075 m diameter, using the measured mass loss rate data in the single free burning stage, respectively, although the radiation heat loss and soot loss are not taken into account, while the heat release rate per area (q m ) of both fuel pans at the single free burning was taken as 550 kW/m 2 . Figure 1 represents the experimental burning profile of (19 x 19) array shown in Table 1 and the profile of free single burning flame is shown at the upper right corner in the figure. The arrayed fires strongly merged into the center, where the merging flame height reached roughly 8 m (nearly twice of the arrayed area), while the single burning flame height was less than 0.3 m. The burning rate in the merging fires was not measured in this study, but the preliminary study indicated roughly 5 times faster than that in the free burning. Figures 2 and 3 show the burning profile of (15 x 15) and (17 x 17) in Table 1 , respectively. As seen in Figures 2-(1) -(b) and 3-(1)-(b), the central area of the merged fires could burn out very fast, while the unmerging fires burnt out almost uniformly, as seen in Figure 3 -(2)-(b). At the inter-heat distance D=0.3 m (case 2), the fires in the array did not merge initially, but finally merged, where the merging profile was less than that of case 1 (D=0.2 m). At the inter-heat distance D=0.4 m (case 3), the fires did not merge, until all the fires burnt out. Therefore, the distance D=0.3 m should be a critical merging distance of the (15 x 15) array fire and expressed as yes/no as shown in Table 1 . Similarly, the (17 x 17) array fires indicated that the critical merging distance is between 0.4 m and 0.25 m, namely about 0.3 m. Also the preliminary experiments indicated that the critical merging distance depends on the fuel pan size, namely the heat release rate at each fuel pan. 
SIMULATIONS
As mentioned above, this study is mainly aiming at the coordination between the laboratory experiments and CFD simulations to compensate the limited number of experiments. The CFD simulations have been carried out using the 3-D UNDSAFE fire code [7] [8] [9] . All conditions for the simulations correspond to those in the experiments shown in Table 1 and the cases examined here are shown in Table2. Details of the calculation method are shown in the reference [7] [8] [9] .
In this first numerical study, thermal radiation and combustion models are not taken into account for simplicity. In this study the emphasis is placed on the primary effect of convective infiltration of air into the fire array. Of course, in real fires, it is predicted that the fire merging is likely not only due to the effect of convection, the radiation heating from neighbor fire will help to promote the pyrolysis and evaporation. However, both the effect of combustion and thermal radiation against the fire merging is investigated in the future study.
The temperature of the calm ambient air in the numerical domain is 20 deg. C, which is taken as reference temperature. Boundary conditions of top and four sides are assumed to be free boundary and the floor is an adiabatic solid boundary. The square (n x n) array fires are centrally placed at uniform spacing distance from each other. The heat in each fire is uniformly given in the multiple grids, corresponding to the specified heat release rate and the size in the array, based on the source term in the energy conservation equation. The flow domain was divided into (201 x 201 x 71) or (221 x 221 x 71) equal-spaced cells, with the least number of grid points placed in the direction of gravity. The previous simulations [9] have indicated that the resolution of flow pattern is dependent on the grid size, but the flow profiles are independent on the grid sizes, such as (150 x 150 x 50). About 40 cases of calculations were conducted, including the cases corresponding to the six experiments, varying the number (n) of square array, inter-fire distance (D) and heat release rate (q), to judge 'unmerged' or 'merged' cases in the fire array.
In this numerical study, the time elapsed after the fire ignition is not particularly described in the figures to show the merging process in the array, since only 'merged' or 'unmerged' is mainly examined.
Heat release rate in the simulations …..In this simulation study, the heat release rate (q) at each heater was taken to be constant and uniform in the (n x n) square array. The heat release rate per area q m =550 kW/m 2 is employed, based on the experiments mentioned above and therefore, the heat release rate q=2 kW is given in the heating grids of 0.06 m x 0.06 m and 3.2 kW for 0.075m x 0.075 m. …..However, there arises a question that the heat release rate is a function of time and location in the array, and the flames in the array are affected by the neighboring flames through convection and radiation. The combustion of the merging flames is strongly enhanced by other neighboring flames. Thus the heat release rates in the center of (n x n) array may be much stronger than that in the peripheral, where the burning rate is close to that of original free burning single flame, as seen in the burn-out profiles in Figures 2 and 3 . Therefore, the heat release rate in the merging fame in the experiments might have been several times of 550 kW/m 2 , since the experimental observation indicated that the burn-out time located in the center area was about one fifth of that of free burning single flame. However, (1) the experimental data relevant to the heat release rate distribution in the array were not sufficient, (2) this study is mainly focused on the effect of convection in the multiple fires upon the 'merging' and (3) also the heat release rate of the fires at the critical merging distance, namely pre-merged fires, is not far different from that of the single free burning flame. We considered it important to examine the critical merging distance as a function of total heat release rate in the array. Detailed effects of increased heat release rates in the merged fires due to the flame interactions, relevant to the critical merging distance, will be examined in the future studies, but some cases with increased heat release rate in the array are preliminary examined. 
Criterion to identify the 'merged' or 'unmerged'
Since this simulation has not employed the combustion model, the simulated fire flow in the array has no clear boundary between the fire and the ambient air, while in the experiments the 'merging' or 'unmerging' was judged by the long flame overlap in the center. Therefore, the problem is how to identify and by what criterion the 'merged' or 'unmerged' can be judged, although the criterion value may affect the critical merging distance. Figure 4 represents the typical examples of 3-D non-dimensional isothermal surfaces at iss=1.8, 2.0 and 2.2, of the heated flow in the fire array of (15x15) -cases 8 and 19 in Table 2 . As seen in the figure, the 'merged' flow of case 8 shows the clear entrainment in the center., but in the 'unmerged' flow of case 19, no entrainment is shown, which can be identified at any isothermal surfaces of iss=1.8, 2.0 and 2.2. The values of 1.8 to 2.2 were arbitrary selected by the reason that the heat release rates examined here distributed widely from 1.3 to 20 kW. If a high isothermal value, such as more than 3.0, is employed as a criterion, the merging profiles became unclear to distinguish 'merge' and 'unmerge', particularly in smaller arrays with low heat release rates.
Therefore, the criterion employed here is as follows; 'Merged' if the average non-dimensional temperature exceeds 2.0 (=313 deg. C) at 1.2 m above the center of the square array, together with the observation of the isothermal profiles. 'Unmerged' if the isothermal surface of 2.0 above the fire array distributes separately. However, there exist some cases difficult to identify between the 'merged' and 'unmerged', for example, the merging height is too short, the isothermal surface is not continuous between the adjacent fires, or the fire profile exceeds, only instantaneously, the height of 1.2 m in the center. Those cases were classified as 'yes/no' in the judgment of 'merging' and 'unmerging', which corresponds to the critical merging distance. However, if another criterion is used, the critical merging distance may be different from those in this study. As a first step, the criterion mentioned above was employed in this study and the details of the criterion against critical merging distances will be investigated in the future study. Table 2 . 
Critical merging distance
Based on this criterion, the simulated results in Table 2 , corresponding to the experiments in Table 1 , were classified into either 'merged' or 'unmerged'. Figure 8 shows the plots of the 'merge' or 'unmerge' as functions of the inter-heat distance and the total heat release rate in the (15 x 15), (17 x 17) and (19 x 19) arrays, shown in Table 1 and Table 2 . The symbols of triangles and circles represent the experimental results and the simulated results, respectively. The open symbols represent the 'merged' fires and the solid symbols show the 'unmerged' fires. The small open symbols represent the cases of 'yes/no" mentioned above. The simulated results of 'merge' and 'unmerge' are very close to the experimental ones, although the direct comparison between the experiments and simulations is not always aimed here. From this figure, it can be found that the critical merging distance, corresponding to the symbols of 'yes/no', varies as a function of total heat release rate (Q). Also Figure 8 indicates that the critical merging heat release rate depends on the inter-heat distance. Because, if the inter-heat distance is at 0.38 m, the critical merging heat release rate is estimated as 1500kW. Similarly, if the inter-heat distance is at 0.30 m, the critical merging heat release rate is about 920kW. However, this relation is currently under the fixed and uniform heat release rate conditions.
Figure 8
Relationship between inter-heat distance and total heat release rate in the array Figure 9 Relationship between non-dimensional inter-heat distance and total heat release rate in the array Further, the relationship in Figure 8 was re-examined, extending the total heat release rate (Q) to 5000 kW and converting the inter-heat distance (D) into non-dimensional distance, divided by the heater length (d). Figure 9 represents the relationship between the non-dimensional inter-heat distance (D/d) and the total heat release rate (Q), in the (15 x 15), (17 x 17) and (19 x 19) array. This figure indicates that the non-dimensional critical merging distance (D/d) varies from 4 to 3 when the total heat release rate is less than 5000 kW. Extending the total heat to much larger one, for example Q=1 MW x (15 x15) and 100 MW x (15 x 15), the non-dimensional critical merging distance (Dc/d) can be estimated as about 2.5 and 2.3, respectively. Although the relationship in Figure 9 may vary if the combustion and radiation models are employed in the simulations, which can cause the increased heat release rate in the merging fires, the effect of increased heat release rate upon the critical merging distance is not always large, since the dependency is weak. If this approximation relationship is attempted to be verified by experiments, uniformly heated electric heaters are appropriate for the arrayed fires, instead of liquid fuel pans.
Effect of increased heat release rate upon the critical merging distance …..The heating conditions in the simulations were slightly different from those in the experiments, since the heat release rates in the array were constant and uniform in the simulations, while those in the experiments may be much larger, particularly in the array center during the 'merging'.
The effect of increased heat release rate in the array upon the critical merging conditions will be examined in the future study, getting the detailed experimental data of the heat release rate distribution in the array. However, several cases were preliminary examined, if the 'yes/no' situation changes to 'yes' in the simulations, by assuming that the heat release rate increased to twice in the central area of the (15 x 15) array. This assumption has not been confirmed experimentally, but it can be believed to be reasonable, since the burn-out time of the fuel in the central region was roughly half in the critical merging situation (but one fifth in the fully merging situation), compared with that in the free burning flame in the previous experiments. Corresponding to the cases, 4, 17, 25, 26 and 27 of the (15 x 15) array in Table  2 , the cases examined are shown in Table 3 , namely cases 4b, 17b, 25b, 26b and 27b. In these cases, it was assumed that the increased heat release rate in the central (7 x 7) array was q=6.4 kW and q m =1100 kW/m 2 , while the heat release rate in the other surroundings in the (15 x 15) array were fixed at q=3.2 kW (q m =550 kW/m 2 ). The case 17, at D=0.30 m and q=3.2kW (q m =550 kW/m 2 ), in Table 2 , showed the simulated result of 'yes/no", where the central heated flow was weak, varying only instantaneously strong. The simulation of case 17b corresponding to case 17 was conducted, where the total heat release rate (Q) was 877 kW, instead of 720 kW in case 17. The simulations showed that the case 'yes/no' has changed to 'yes', as shown in Figure 10 . Another simulation of case 25-b at D=0.34 m in Table 3 , corresponding to case 25, showed that the 'no' has changed to 'yes/no', while all other cases shown in Table 3 , cases 4b, 26b and 27b, showed no changes in the 'no' or 'yes'. Therefore, the critical merging distances should move to larger distances from those shown in Figures 8 and 9 , if the increased heat release rates, assumed to be twice in the central region, are introduced. However, the difference is not always far from the relationship in Figures 8 and 9 , because the total heat release rate (Q) also moves to larger one. If the critical merging distances in real larger fires move toward much larger ones, it means more dangerous situations. Also it should be discussed that the simple criterion, iss=2.0, employed in this study was reasonable or not to judge 'merge' or 'unmerge'. Concerning these subjects, we are planning to examine by further numerical simulations and also based on the additional experiments.
Array number affecting the merging profiles
As mentioned above, the simulated merging profiles in the array (15 x 15) at D=0.21 m and (17 x 17) at D= 0.22 m indicate a single merging peak in the center. However, the merging profile in the array (19 x 19) -D=0.22 m has multiple merging peaks, different from the (15 x 15) and (17 x 17) arrays. Previously, the authors have observed multiples merging peaks in other arrayed fire experiments. Therefore, the merging profiles in some arrays were examined by the simulations, in the (11 x 11) to (48 x 48) arrays. Only the array number (n x n) was varied, where the fire area and total heat release rate Q were varied, while the heat release rate q was fixed at 3.2 kW (at q m =550 kW/m 2 ) and the inter heat distance D was fixed at 0.22 m.
Table 3
Examined cases in terms of increased heat release rate in the central (7 x 7) array within (15 x 15) array upon the 'merging'
Case 17b (D=0.30m)
Figure 10
Profile of isothermal surface (iss=2.0) of (15 x15) array, q=6.4 kW in the central (7 x 7) array and q=3.2 kW in the others of (15 x 15) array . Figure 11 represents the simulated results for the (11 x 11) to (39 x 39) array fires, except for (15 x 15), (17 x 17) and (19 x 19) fires which are already shown in Figures 5 to 7 . In the (11 x 11) to (17 x 17) array, the merging flow is entrained into the center as a single peak, but in the (19 x 19) to (39 x 39) there appear multiple merging peaks. The multiple peaks must be natural, since in the extremely large fire area multiple merging fires should be more possible and single peak is not always reasonable. The simulated results in the (48 x 48) array indicate the time-dependent movement of the merging peaks, as shown in Figure 12 . It has been indicated that multiple merging peaks could appear in the larger arrays of more than (19 x 19), but in the experiment of (19 x 19) array, only single merging flame existed. The reason is believed to be due to the difference of the heat release rate in the array between the experiments and simulations. The heat release rate was fixed at q=3.2kW in the simulations, but in the (19 x 19) array experiment it must have been much stronger than 3.2 kW, although the exact values were not measured and the heat release rate must have been nearly 3.2 kW at the initial stage before the fires merge. Therefore, it is believed that fires with strong heat release rate must have much stronger merging power entraining into the center, while the fire array with weak heat release rate must create multiple merging peaks. Also this simulation indicated that the increase of the array number (n) did not always affect the critical merging distance so much, although the total heat release rate increases with the array number (n). Therefore, the results in Figures 8 and 9 are limited to the arrays from (15 x 15) to (19 x 19).
Merging fires in C-shaped region
It has been found that the multiple fires in a large area may cause multiple merging peaks, as mentioned above. There are many situations in real fires, for example, a great fire whirl caused in the 1923 Tokyo Earthquake Fires appeared in a C-shaped area shown in Figure 13 . The relevant experiments were conducted, based on the conditions of (20 x 20) array fires, d=0.075 m, D=0.25 m in calm ambient air condition. As seen in the figure, the merging fires appeared at two locations and those two areas burnt out very fast and in the final stage a long swirling flame appeared as shown in Figure 13-(3) . Figure 14 , representing similar merging profiles with those in the experiments, as two merging peaks appear and there also exists long swirling flows. In this study, the experiments and simulations were made in calm air conditions, but much stronger swirling flows may be created if the fire array is placed in wind.
Transition from merging flow to swirling flow in arrayed fires
In the experiment shown in Figure 13-(3) , a swirling flame was caused in a calm air laboratory. What would happen, if some wind is applied to a merging fire? One case in windy condition was examined by experiments, using the (15 x 15) array with d=0.06 m and D=0.2 m, of which conditions are similar to the (15 x 15) -case 1 in Table 1 , except for the wind. At one corner of the array, wind with the speed of 1 m/s was applied using a wind fan. The transition from the merging flow to the swirling flow can be seen in Figure 15 . The swirling merging center is moved toward the bottom left due to the wind applied at the bottom right corner (represented by an arrow in the figure) . Figure 16 shows the simulated swirling flow, corresponding to the experiment in the same windy condition. The wind (1 m/s, applied in the direction represented by an arrow in the figure) blowing along the bottom peripheral is entrained into the merging flow, which causes a vortex, breaks the symmetric entrainment, and leads to 'swirling'. From the experiments and the simulated results, it can be concluded that the multiple fires in wind can strongly merge, depending on each fire distance and fire strength. The merged center may move around the fire array, and may cause the swirling flame …..Therefore, the merging fires are related to the generation of fire whirls, where the height of the merged fires becomes very tall and the prevailing wind. The merging flames, interacted by each other and affected by wind, can cause the fire to swirl. The merged tall fires can enhance the spread of fires in forests and cities. In addition, strong wind and the high temperatures due to the merged fires can produce numerous fire-carrying brands, which cause rapid fire spread in forests and cities. We may be able to mitigate the damages due to fire whirls caused by merged fires, if we can gain sufficient knowledge by performing laboratory experiments and first-principal numerical computations. CONCLUSIONS … In this study, the merging phenomena in multiple fire arrays have been examined, mainly in (15 x 15) array and up to (48 x 48) arrays, using reduced-scale models and also 3-D numerical simulations, relevant to the phenomena in large city fires and large forest fires. This study showed that the merging phenomena can be predicted by a simple CFD fire simulation code, without physical combustion and radiation models, although in real fires, it is predicted that the fire merging is likely not only due to the effect of convection, the radiation heating from neighbor fire will help to promote the pyrolysis and evaporation. However, both the effect of combustion and thermal radiation against the fire merging is investigated in the future study and in this study the emphasis was placed on the primary effect of convective infiltration of air into the fire array.
The simulated profiles of merging fires are quite similar to those of experiments and the critical merging distance in the simulations are close to the experimental ones. The non-dimensional critical merging distance (Dc/d) is between 3 and 4 when the total heat release rate (Q) is less than 5000 kW, while at much larger heat release rate, such as Q=100 MW x 15 x 15, the non-dimensional critical merging distance is estimated to reach 2.3, although the heating conditions in this study were fixed constant and uniform. If the increased heat release rates are introduced, the critical merging distances examined in this study move to the larger one, but the difference may not be so large, since the total heat release rate also moves to larger one. ….. In the (11 x 11) to (17 x 17) arrays, the merging flow is entrained into the center as a single peak, but in the (19 x 19) to (39 x 39) multiple merging peaks appear. In real situations, if the fire area is very large, multiple merging fires may be reasonable, which should move with time. The increase of the array number (n) did not always affect the critical merging distance so much, although the total heat release rate increases with the array number. Also the C-shaped fire can cause multiple merging peaks, which cause a vortex and swirling flows. Therefore, the merging fires are related to the generation of fire whirls, where the height of the merged fires become very tall and the prevailing wind, interacting with the tall merging flames, can cause the fire to swirl.
